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Heat and cold transduction by peripheral sensory neurons is a fundamental step in the avoidance of
dangerous thermal extremes. In this issue of Neuron, Dhaka et al. and Colburn et al. report that mice
lacking the cold- and menthol-gated ion channel TRPM8 exhibit deficient behavioral responses to
cold temperatures.Mammals defend themselves from
extreme environmental temperatures
in two general ways. Behavioral and
physiological thermoregulatory re-
sponses help maintain body tempera-
ture within a narrow, biochemically
optimal range, whereas acute nocifen-
sive responses permit escape from
intense heat or cold that would other-
wise cause tissue damage. These re-
sponses are triggered, in part, by ther-
mosensitive neurons that innervate
deep body organs and surface struc-
tures such as the skin and cornea.
Five classes of thermosensitive neu-
rons have been identified in skin, each
firing maximally over a distinct range
of temperatures (from extreme heat
to extreme cold) and each evoking ap-
propriate thermoregulatory or nocifen-
sive responses (Dhaka et al., 2006).
The cell bodies of cutaneous thermo-
sensory neurons reside in dorsal root
and trigeminal ganglia and send pro-
jections both to peripheral targets and
to the spinal cord dorsal horn. The re-
sponse characteristics of these neu-
rons also exhibit plasticity, such that
following nerve or tissue injury, warm
or cool stimuli that would otherwise
be nonpainful are perceived as painful
heat or cold and evoke overt nocifen-
sive withdrawal.
What accounts for this neuronal
thermometry? A growing body of
evidence suggests that temperature-
sensitive members of the Transient
Receptor Potential (TRP) family of
ion channels are key players in this
process (Dhaka et al., 2006). The nine
mammalian ‘‘ThermoTRPs’’ are non-
selective cation channels with a rela-
tive preference for Ca2+ over other cat-ions, and six transmembrane domains
in each subunit of a functional tetramer
(Figure 1A). These channels exhibit a
spectrum of thermosensitivities simi-
lar to those of the neurophysiologi-
cally defined cutaneous thermosensi-
tive neurons, and six are strongly
expressed in discrete subsets of so-
matosensory neuronsor in cells closely
associated with them. Support for
the participation of ThermoTRPs in
specific thermally driven behaviors
has begun to emerge from knockout
mouse studies. For example, mice
lacking TRPV1 (activated at >42C) ex-
hibit delayed nocifensive withdrawal
from intense heat stimuli. In contrast,
their propensity to avoid warm or cold
environments that are nonpainful, but
outside the optimal thermoneutral
range (28C–34C), is normal.
At the other end of the temperature
spectrum are two putative cold-gated
TRP channels, TRPM8 and TRPA1.
TRPM8 is strongly expressed in a sub-
set of small-diameter unmyelinated
peripheral sensory neurons and can
be activated either by modest cool-
ing (<27C) or by certain ‘‘cooling-mi-
metic’’ compounds, such as menthol
and icilin (Figure 1A) (McKemy et al.,
2002; Peier et al., 2002). TRPA1, in
contrast, is found in a distinct subpop-
ulation of small-diameter sensory neu-
rons that also express TRPV1, and can
be activated either by irritant chemi-
cals such as mustard oil (Jordt et al.,
2004) or, reportedly, by painfully cold
temperatures (<17C) (Story et al.,
2003). At higher doses, icilin (but not
menthol) can also activate TRPA1.
These two cold response patterns mir-
ror those of peripheral cooling-sensi-Neuron 5tive neurons, which respond tomodest
drops in skin temperature, and cold
nociceptors that respond to painful
cold, respectively. There is some con-
troversy, however, regarding the abil-
ity of TRPA1 to act as a cold sensor.
Whereas one group found that TRPA1
null mice exhibit reduced behavioral
responses to cold stimuli (Kwan et al.,
2006), another group found no such
deficits in an independent TRPA1 null
line (Bautista et al., 2006). Further-
more, neither study provided evidence
for alterations in the proportion of cold-
sensitive neurons in cultures derived
from TRPA1 null mice. Studies of re-
combinant TRPA1 have also yielded
conflicting results regarding its excit-
ability by cold. In contrast, the ability
of recombinant TRPM8 to be activated
by cold temperatures is widely ac-
cepted. Moreover, the histological
characteristics and spinal projection
patterns of TRPM8-expressing neu-
rons, together with the well-recog-
nized abilities of menthol and icilin to
evoke thermoregulatory heat-gain re-
sponses and the psychophysical per-
ception of cooling (Eccles, 1994) make
this channel an excellent candidate
trigger for cold sensation, thermoregu-
lation, and perhaps even cold-evoked
pain sensation. In this issue, Dhaka
et al. (Dhaka et al., 2007) and Colburn
et al. (Colburn et al., 2007) provide
convincing evidence for TRPM8 par-
ticipation in cold transduction, through
the generation and characterization of
TRPM8 knockout mice.
Overall, the findings of these two
studies are quite congruous. In vitro,
sensory neurons isolated from TRPM8
null mice exhibited a robust but partial4, May 3, 2007 ª2007 Elsevier Inc. 345
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cium transients evoked by either cold
temperatures (40%–50% reduction) or
menthol (70% reduction). Thus, both
TRPM8-dependent and -independent
mechanisms exist for cold and men-
thol transduction in mouse sensory
neurons. This conclusion is consistent
with previous studies of rodent sen-
sory neurons that distinguished a sub-
population of predominantly menthol-
responsive cells that are activated
by modest cooling (presumably via
TRPM8), another that is largely men-
thol-insensitive and responds only to
significantly colder temperatures (pre-
sumably via TRPA1 or another trans-
ducer), and a third class of menthol-
sensitive/cold-insensitive cells (Thut
et al., 2003). Curiously, neither knock-
out study included analysis of the
temperature-response profile in the
residual cold-responsive neurons, an
experiment that would have allowed
this molecular assignment to be ad-
dressed directly.
Behavioral experiments by Dhaka
et al. and Colburn et al. provide com-
pelling evidence for contributions of
TRPM8 to at least three types of cold-
evoked responses in vivo.
(1) Avoidance of innocuous cold.
Two-temperature selection experi-
ments in both studies and thermotaxis
experiments by Dhaka et al. convinc-
ingly demonstrate major deficits in the
avoidance of moderately cool temper-
atures in TRPM8 knockouts. In con-
trast, avoidance of excessively warm
temperatures was normal in these
mice. Even the tendency of mice to
favor 30C over 24C in a two-temper-
ature selection assay was partially
impaired in the absence of TRPM8.
In this temperature range, avoidance
behavior is likely to be thermoregula-
tory in nature, rather than nocifensive.
Both Dhaka et al. and Coburn et al.
also found that ‘‘wet dog shaking’’ or
jumping responses to intraperitoneally
injected icilin, another apparently ther-
moregulatory response most likely in-
volving activation of mesenteric or vis-
ceral sensory neurons, was completely
abolished in TRPM8 knockout mice.
These findings are consistent with an-
other recent report that intravenous
menthol evokes a shift in thermal346 Neuron 54, May 3, 2007 ª2007 Elsepreference behavior toward slightly
warmer temperatures (Almeida et al.,
2006), and strongly suggest that
TRPM8 mediates signals driving in-
nocuous cool perception and behav-
ioral thermoregulation in vivo. Surpris-
ingly, however, in neither knockout
study was core body temperature
measured at rest, during thermal
selection assays or in the face of a
cold environment. Future experiments
along these lines are warranted.
(2) Cold-evoked nocifensive re-
sponses. The data from these two
studies also provide evidence that
TRPM8 is a partial participant in noci-
fensive responses to extreme cold.
Under healthy conditions, this role ap-
pears to be minor. Colburn et al. found
that TRPM8 null mice exhibited a pro-
longed latency for escaping from a
Figure 1.vier Inc.cold plate at 0.5C, whereas Dhaka
et al. observed no change in latency
at 1C. One possible explanation
for the discrepancy is that the tem-
perature-dependence of the cold plate
response appears to be extremely
steep, with little spontaneous behavior
observed at 1C in the Dhaka et al.
study. Injection of icilin into the paw
substantially enhanced this cold plate
response at 1C, and this effect was
completely eliminated by TRPM8 gene
disruption. In addition, Dhaka et al. ob-
served spontaneous paw licking/lifting
in response to the cooling associated
with acetone application to the paw,
a behavior that was diminished, but
not eliminated, in TRPM8 null mice.
Colburn et al. observed little paw-lick-
ing behavior in healthy wild-type mice
treated with acetone. However, when
acetone was applied following nerve
injury in the chronic constriction injury
model or following paw inflamma-
tion with complete Freund’s adjuvant,
they observed a robust paw-licking
behavior in wild-type mice that was
virtually absent in TRPM8 null mice.
Under these circumstances, acetone
cooled the paw skin to approximately
14C–18C. These data imply that
TRPM8 might participate in the hyper-
sensitivity to cold or ‘‘cold allodynia’’
experienced by many patients with
nerve injury. Still, further experiments,
including the post-injury application
of purely thermal stimuli, will be re-
quired to validate this idea. Impor-
tantly, no differences in heat hyper-
sensitivity were noted in TRPM8 null
mice, demonstrating that the func-
tional compromise in these animals
was modality-restricted.
(3) Cold-mediated analgesia.
Whereas extreme cold produces pain,
moderate cooling can actually sup-
press pain evoked by other stimuli.
Similarly, icilin and menthol can evoke
a sensation of pain at high concentra-
tions, but can be anti-hyperalgesic at
lower concentrations. In a clever test
of the role of TRPM8 in this effect,
Dhaka et al. evaluated the effect of
temperature on the characteristic bi-
phasic pain behavior evoked by in-
traplantar formalin. In wild-type mice,
dropping floor temperature from 24C
to 17C reduced both the first and
Neuron
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response. In contrast, only the second
phase was suppressed by cold in
TRPM8 null mice. Thus, cold evokes
analgesia by both TRPM8-dependent
and –independent mechanisms.
A model of in vivo TRPM8 function
consistent with the results of these
two studies is shown in Figures 1B
and 1C. In this model, TRPM8 is ex-
pressed in at least two population of
neurons: one that transduces innocu-
ous cool temperatures to trigger cool
perception, behavioral thermoregula-
tion, and analgesia (blue cell in Fig-
ure 1B, dashedblue trace in Figure 1C);
and another that transmits nociceptive
signals to trigger more overtly nocifen-
sive behaviors (orange cell in Fig-
ure 1B, orange trace in Figure 1C). In
healthy animals, low-intensity stimuli,
such as cool temperatures or icilin
alone, predominantly activate the first,
thermoregulatory population. The sec-
ond, nociceptive, population is acti-
vated only by intense cold or by the
composite actions of cold plus icilin,
possibly due to a low level of TRPM8
expression. Following inflammation or
nerve injury, a large TRPM8-depen-
dent component of hypersensitivity to
cold develops, perhaps reflecting an
increase in TRPM8 expression and/or
TRPM8 responsiveness in the no-
ciceptive population. This notion is
supported by the recent report that
TRPM8 expression is increased in a
population of lightly myelinated Ad fi-
ber neurons in the rat chronic constric-
tion injury model (Proudfoot et al.,
2006). Behaviorally, these changes
would broaden the range of tempera-
tures over which cold evokes noci-
ceptive responses (green trace in
Figure 1C). Whether this model accu-
rately reflects the complex relationship
between TRPM8, cold, and pain re-
mains to be seen. However, an analo-gous situation exists for innocuous
thermoregulatory responses to warm
temperatures and nocifensive re-
sponses to painful heat, in that follow-
ing tissue or nerve injury, there is an
expanded occurrence of nocifensive
responses at previously nonpainful
elevated temperatures. Together, the
behavioral data on heat and cold are
consistent with the idea that thermal
aversion, rather than thermal attrac-
tion, underlies most thermally moti-
vated behavior responses.
The exciting findings of Dhaka et al.
and Colburn et al. raise several key
questions. What is the molecular basis
of TRPM8-independent cold trans-
duction (purple cell in Figure 1B and
purple trace in Figure 1C)? Will
TRPM8/TRPA1-double knockout mice
exhibit a more profound deficit in cold-
evoked pain than either single knock-
out alone? Do other molecules, such
as voltage-gated K+ channels (Viana
et al., 2002), contribute to cold-evoked
thermoregulation or cold nociception
in vivo? Which if any of these mecha-
nisms accounts for the suppression
of the second phase formalin response
by cold temperatures? Which in vivo
responses to menthol are mediated
by TRPM8? How does TRPM8 modu-
lation by posttranslational processes
(Huang et al., 2006) impact its sensory
functions? To what extent do TRPM8-
dependent and independent mecha-
nisms contribute to nonbehavioral
responses to cold, such as brown fat
thermogenesis or vasoconstriction?
Finally, can TRPM8 function bemanip-
ulated differentially in nociceptive,
thermoregulatory, and analgesic path-
ways for the treatment of clinical pain?
Clearly, much remains to be learned
on this topic. However, the data pre-
sented in these two manuscripts un-
equivocally establish TRPM8 as an im-
portant physiological sensor for cold.NeuronREFERENCES
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